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Abstract
Patient-to-patient variations in artery geometry may determine their susceptibility to stenosis
formation. These geometrical variations can be linked to variations in flow characteristics such
as wall shear stress through stents, which increases the risk of restenosis. This paper considers
computer models of stents in non-symmetric flows and their effects on flow characteristics at
the wall. This is a fresh approach from the point of view of identifying a stent design whose
performance is insensitive to asymmetric flow. Measures of dissipated energy and power are
introduced in order to discriminate between competing designs of stents.
1. Introduction
Cardiovascular stents (Fig. 1) are mechanical devices for dilating arteries in order to relieve
blockages or stenoses. Dilation is secured using an angioplasty balloon that expands the stent
beyond its elastic limit at the site of a lesion. The use of stents has been a standard clinical
treatment since 1987 [6] and yet re-stenosis occurs in 20%-40% of cases [13]. Just a small
reduction in this figure offers enormous potential savings in cost [1]. The characteristics of
fluid flow, such as wall shear stress, have been identified as a major contributory factor [4].
Coronary artery stents have been shown to induce flow disturbances [7], which significantly
increases wall shear stress contributing to restenosis because it delays endothelial cell growth.
Figure 1. Stent models based on Guidant Multilink and Palmaz-Schatz PS 153 designs.
Patient-to-patient variation in the geometry of arterial bifurcations and its effect on flow
conditions has received significant attention [2,3,5,12]; and has been described as the
‘geometric risk factor’. Furthermore it has been suggested that geometric variations may be
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responsible for the variability in susceptibility to atherosclerosis (thickening of arteries) and
stenosis formation from one individual to another. Therefore restenosis can be linked to
asymmetry in terms of variations of artery geometry, flow behaviour and stent-artery wall
contact.
Intuitively, a purely axial inflow would promote stent patterns symmetric about the axis and
so our longer-term aim is to investigate the influence of non-axial (asymmetric) flows on stent
design. The inflow conditions in a design context are thus termed ‘noise factors’ and are akin to
the geometric risk factor, as a good stent design should be insensitive to a range of such noise
conditions in vivo. In this paper the effects of stent design on flow characteristics under such
asymmetric conditions is explored. Designs based on the Palmaz-Schatz PS 153 (PS) and the
Guidant Multilink (GM) are considered, which represent two of the most successful stents in
use [9] and share the same basic pattern elements. The PS stent pattern is made up of
corrugated rings mirrored to join at the peaks. The GM stent pattern repeats the corrugated
rings and therefore requires joining links.
2. Method
A typical 3mm artery was the subject, rather than carotid or coronary arteries specifically, on
the recommendation of our clinical collaborator [10]. As a first approximation, Computational
Fluid Dynamics simulations employed full 3D rigid models of stents placed in idealised
straight cylindrical arteries with inflow determined by straight or curved (9mm radius) entry
tubes. By curved we mean in one plane, however the method could be extended to
accommodate ‘twisting’, which is a type of flow that could also be expected. This provided a
simple representation of the combined effects of variation in artery geometry and flow
conditions (e.g. swirling flow). Thus the ‘noise factor’ was straight or curved flow entry.
Unsteady state results were obtained over a complete pulse cycle (Fig. 2).
Figure 2. Maximum velocity flow pulse in a carotid artery [11].
As a means of overcoming hardware/software meshing limitations ‘partial models’ of stent
sub-regions were developed, enabling the representation of linking elements between stent
rings for square strut sections. These stent models were subject to steady state inlet flow with
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angles between 0 degrees and 45 degrees (Fig. 3b) to the stent axis, representing a ‘noise
factor’. The velocity field caused by the single-plane curved entry was correctly incorporated.
Figure 3.  (a) PS stent partial model                           (b) Inlet velocity profile.
For full 3D stents, integrating mean and standard deviation of wall shear stress values over
the pulse cycle for all wall nodes provided performance measures. In addition, measures of
dissipated energy (Equation 1) and dissipated power (Equation 2) were developed for
quantifying stent performance with full and partial models respectively.
Firstly, dissipated power for an incompressible fluid:
∫∫∫ ∇
V
diss dxdydzU: :=N

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 is the velocity vector field. P  is a stress tensor, V is the volume of the flow
domain.
The constitutive equation of P, describing the relationship between the stress tensor and
shear strain rate tensor, is DEP µ+−= 2p . E is an identity tensor and D  the shear strain rate
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For a non-Newtonian fluid, the dynamic viscosity may be written according to a power law
( ) 21: 2 −= nk DDµ , where k and n are constant, e.g. for blood [ ]n = =0 61 0 042. , . k  kg m  s-1 -1.39 .
Thus in order to calculate dissipated power only the velocity field is needed. The velocity
field is obtained from numerical solution of the Navier–Stokes equations for incompressible
flow. Dissipated energy is more accurate for transient calculations ∫
t
dissdiss dtN:=E , where t is
the pulse cycle duration.
∫∫∫∫ ∇
Vt
diss dxdydzU: dt:=E

P (2)
After evaluating stent performance with the full 3D models using Equation 2 over the
complete flow pulse cycle, it was deemed sufficient for comparison purposes to use the partial
models and Equation 1 at maximum flow velocity. The validity of the algorithms for Equation
1 and Equation 2 was checked for different types of elements by comparing the results with the
analytical solutions for dissipation of flow in a cylinder.
3. Results
In this investigation the flow asymmetry was in one plane only. Therefore while the full model
was resolved according to the maximum storage available, it was also possible to use a partial
model to get more detailed information (Fig. 4). We carried out a model/mesh refinement
exercise and this confirmed that stent-to-stent comparisons of averaged Wall Shear Stress were
sufficiently similar for both full and partial models for design purposes (12.2% and 10.7%
respectively for the least and most refined cases). Validity was also checked by comparing
computed values of dissipated power with analytical solutions for the case of an artery with no
stent (maximum of 4% difference). Finally, convergence was fully achieved for all numerical
solutions within a residual of 1e-04.
Figure 4.  Element mesh for partial models.
The results of calculating wall shear stress (WSS) and dissipated energy for the full models are
summarised in Table 1. It should be noted that dissipated energy is a dissipated power value
integrated over time in accordance with Equation 2. The WSS values were integrated over time
from values averaged over each time step then the result was divided by the pulse cycle
duration to yield the time-averaged mean and standard deviation of WSS.
Table 1. Dissipated energy for full models of stent designs under two inflow conditions
Stent design Flow entry tube Dissipated Energy [J] Time-averaged
mean WSS [N/m2]
Time-averaged
standard deviation WSS
[N/m2]
No stent straight 0.0063 0.0266 0.0055
No stent curved 0.0102 0.0318 0.0103
PS straight 0.0086 0.0413 0.0409
PS curved 0.0128 0.0416 0.0413
‘GMr’ straight 0.0076 0.0395 0.0364
‘GMr’ curved 0.0117 0.0400 0.0366
The stent wire cross sections of PS and GM stents are both square sections. However, in
Table 1, ‘GMr’ is a stent design with the basic pattern of a Guidant Multilink but with a
rounded strut section. Results of calculating dissipated power for the partial models are
summarised in Table 2.
Table 2. Dissipated power for partial models of stent designs under several angles of inflow
Dissipated Power [W]
Stent design 0 degree inlet 15 degree inlet 30 degree inlet 45 degree inlet
PS 3.07E-06 3.07E-06 3.09E-06 3.14E-06
‘PSr’ 2.62E-06 2.63E-06 2.64E-06 2.67E-06
GM 3.24E-06 3.23E-06 3.25E-06 3.32E-06
‘GMr’ 2.70E-06 2.70E-06 2.71E-06 2.76E-06
‘GMnl’ 3.19E-06 3.19E-06 3.20E-06 3.26E-06
‘PSr’ is a stent design with the basic pattern of a Palmaz-Schatz but with a rounded section.
‘GMr’ is the same design as in Table 1. ‘GMnl’ is a stent design with the basic pattern of a
Guidant Multilink but without the (necessary) linking members between rings. Table 2 is
presented graphically in Figure 5.
Figure 5: Plots of dissipated power for stent designs under several angles of inlet flow.
4. Discussion and Conclusions
In this paper our motive has been to obtain results that while justifiable in terms of CFD
provides tools for design decisions. Our approach is consistent with recent clinical
interpretations of stent versus stent comparisons [8].
From Table 1, it can be seen that dissipated energy is a more discriminating measure of the
effects on flow characteristics of curved inflow conditions than time-averaged wall shear stress
values. The effect of artery curvature (asymmetry) on flow performance is considerable, for
example, for no stent conditions mean wall shear stress value in the artery increases 19% and
dissipated energy increases 62%. With stents, the dissipated energy increases 50%. The effects
of stent design are interesting as the ‘GMr’ stent design is clearly less disruptive to the flow
than the PS stent both in terms of mean WSS (>4% lower) and dissipated energy (>10% lower).
Recalling that WSS is a characteristic thought to be significant in restenosis, it is interesting
that WSS is a measure of work expended against wall friction, by this we mean friction with
the stent surface and the endothelial surface. This also relates to dissipated energy, which is
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rather similar to friction factor in heat exchangers in that it is a measure related to pressure
drop.
Table 2 highlights the effects on performance of design details, most notably the 15%
reduction in dissipated power when using a rounded strut section. Designs such as ‘GMnl’ do
not necessarily represent viable solutions but the results serve to highlight the effects of links
on GM design performance. Moreover, amongst these partial models, PS and ‘GMnl’ designs
only differ in respect of the phase shift between the two rings yet exhibit 4% performance
difference. The effect of a 45-degree inlet flow angle (2%) for steady state conditions is much
less than the effect of curvature for unsteady state inflow conditions above.
The relative importance of features such as, pattern, strut section and links will be explored
in future. Geometric risk factors will be addressed in greater detail, in terms of artery shape and
degree of stent embedding. The results indicate that, on the limited rationale of these
performance measures only, the stent design can contribute to restenosis. We conclude that the
inflow conditions are sufficiently significant noise factors for the stent to have wide latitude
with regards to inflow angle, which equates to a low flat curve in Fig. 5.
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